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NuMI/NOvA, after Run II
Following Run II, the NOvA experiment will ultimately 
use up to 12 Booster cycles per MI cycle

20  15-Hz Booster cycles (1.333 sec) per NOvA cycle

Proton Beam

Figure 4.2: A schematic illustration of the timeline for 15 Hz Booster batches in the NOνA
era. NOνA proton batches are shown in red, Mu2e in blue. Twelve Booster batches are
stacked in the Recycler and then transferred all at once to the Main Injector, eliminating
the loading time and increasing protons to the NuMI line. Six of the eight unused Booster
batches available while the Main Injector is ramping are sent to the Antiproton Accumula-
tor, three at at time, where they are stacked and bunched and then sent to the Debuncher
Ring.

37

available

in
te

ns
ity

time

3



Collaboration Meeting 3 Jun 2010

and Recycler

Beam Transport from Booster

inject into
“Accumulator”

transfer into
“Debuncher”

extract to Mu2e

transport through
the Recycler

make connection
to pbar transport lines
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Experiment Location

?
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- Inject/stack beam into 
Accumulator, form single 
bunch, and transfer to 
Debuncher for slow spill

- In principle, w/ 4x1012 (4 Tp) 
per Booster batch,  Mu2e 
receives 18 Tp/s on target, 
1.8x1020 in 107 s.

- 15 Hz Booster assumed

- Does not affect NOvA 
operation 

- Will require improved safety 
mitigation for “pbar” rings

Proton Beam

Figure 4.2: A schematic illustration of the timeline for 15 Hz Booster batches in the NOνA
era. NOνA proton batches are shown in red, Mu2e in blue. Twelve Booster batches are
stacked in the Recycler and then transferred all at once to the Main Injector, eliminating
the loading time and increasing protons to the NuMI line. Six of the eight unused Booster
batches available while the Main Injector is ramping are sent to the Antiproton Accumula-
tor, three at at time, where they are stacked and bunched and then sent to the Debuncher
Ring.
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Mu2e Baseline Beam Proposal 

Experiment “cycle” time of 667 ms
- 3 Booster batches fed into Accumulator ring

‣ form single bunch -- 1.2 x 1013    (!!)

- transfer bunch into Debuncher ring; phase rotate to form 
~30-40 ns (rms) bunch; slow extract

Repeat twice during single 1.333 s NOvA cycle
- NOvA uses 12/20*15 Hz cycles = 9 Hz

- Mu2e would use 6/20*15 Hz cycles = 4.5 Hz
‣ Note: 18x1012 p/sec (18 Tp/s) on average (25.7 kW @ 8.9 GeV)
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Proposal’s Scenario
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New Scenario:  Threading through NOvA

Want to lower the instantaneous intensity, but keep a relatively 
constant rate to the experiment
Scenarios had been constrained by the times at which Booster 
cycles are available for Mu2e -- want ~3 in a row, equally 
spaced

Loosen the constraint by allowing beam to “thread” in-and-
out through the Recycler’s injection gap while beam is 
circulating that is destined for NOvA*

*Original suggestion made by some linear 
combination of C. Ankenbrandt and M. Popovic

Proton Beam

Figure 4.2: A schematic illustration of the timeline for 15 Hz Booster batches in the NOνA
era. NOνA proton batches are shown in red, Mu2e in blue. Twelve Booster batches are
stacked in the Recycler and then transferred all at once to the Main Injector, eliminating
the loading time and increasing protons to the NuMI line. Six of the eight unused Booster
batches available while the Main Injector is ramping are sent to the Antiproton Accumula-
tor, three at at time, where they are stacked and bunched and then sent to the Debuncher
Ring.
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Threading Mu2e through NOvA

Recycler
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from Boosterto Accumulator

NOvA batch

Recycler circumference is 7x the Booster
NOvA accepts 6 “batches” from Booster, then performs “slip stacking” to a slightly 
different energy (and hence different orbit) in order to accept 6 more
Use the existing “gap” to thread beam through toward Mu2e
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Threading Mu2e through NOvA
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Recycler

Threading Mu2e through NOvA
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Recycler

Threading Mu2e through NOvA
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Threading Mu2e through NOvA
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Threading Mu2e through NOvA
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Threading Mu2e through NOvA
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Threading Mu2e through NOvA

Recycler
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NOvA batch

Mu2e batch

to Accumulator

After final batches toward Mu2e have passed 
through, inject the last six batches for NOvA
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Threading through NOvA

With threading, can split 
accumulated beam into 4 lower 
intensity bunches and transfer to 
the Debuncher one-at-a-time...
Requires fast rise/fall-time 
Recycler extraction kickers, 
similar to injection kicker system
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Threading through the Intensity Frontier
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Also provides flexibility in operating scenario as learn to deal 
with high intensities, rates to the experiment, or other program 
planning issues along the way ...   several variants are possible
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Scenario Feasibility

Requires a “duplicate” set of kicker magnets 
in the extraction region as exists in the 
Recycler injection region required for NOvA
- Baseline assumed a “pulsed dipole” for extraction

Technique has been non-controversial to 
relevant AD specialists, NOvA project, etc.
One less RF system (DEB) required

19
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Injector Chain

Booster
- must run at 15 Hz -- not part of Project per se, but needs to 

happen

Recycler
- injection line from Booster -- part of NOvA

- removal  of stochastic cooling, etc -- part of NOvA

- extraction from Recycler -- part of Mu2e

Recycler to P1 Beam Line
- presently, the P1 Beam Line  ties into Main Injector; must 

connect now to Recycler as well

20
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Side Note:  Booster @ 15 Hz

In order to use the remaining Booster cycles, all Booster 
components need to run at 15 Hz
- Upgrades to Booster systems through the Proton Plan bring the repetition 

rate to 9-10 Hz; however, is not run at this rate now

- Further upgrades to RF systems are necessary to reach 15 Hz (other 
components, such as kickers, etc., can run at this level already)

- In NOvA era, 15 Hz is required to run microBooNE and Mu2e (both are 
approved experiments); also, helps with NOvA reliability as well

- 15 Hz upgrades have been identified and documented; currently, not part of a 
particular experiment or project, but rather seen as part of overall facility 
improvement plans

Injector Task Force has been assembled -- W. Pellico, et al., reporting to AD Head

“How can I be a millionaire ... and never pay taxes?  
First, get a million dollars...”  -- Steve Martin

21
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Recycler to P1 Beam Line

First-order optics design performed by Meiqin 
Xiao, Main Injector Department
- Room for kickers in the lattice (same as injection kickers), 

and extraction Lambertson

- optical focusing matched between Recycler and P1

- dispersion wave is small; can be worked on...

Being laid out in CAD program by AD/ME
Should be enough input for CD-1-level design and 
cost estimating to begin

22
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Recycler to P1 Beam Line

23
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Storage Rings

RF Systems
- S. Werkema heading up; received models from C. Bhat; adding impedances, 

beam loading, etc.

- D. Peterson, EE, helping w/ RF systems requirements

Kicker Systems
- D. Vander Meulen heading up; NOvA kicker technique and technologies 

adaptable

Aperture Improvements
- straightforward; being handled by present pbar personnel

Ring Transfer System
- transfers between the two rings -- needs some aperture improvements

- present “bottle necks” due to vacuum systems -- requirements are less for Mu2e

24
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Proton Beam

Figure 1.4: The left figure shows a conceptual schematic of momentum stacking. On the

right is shown a simulation of the capture and momentum stacking of four Booster batches.

1.4 Resonant Extraction

Resonant extraction is a well established technique to extract beam slowly from a
synchrotron. It involves moving the tune of a circulating beam close to harmonic
resonance, such that beam becomes unstable and migrates to high amplitude. Gener-
ally, the high amplitude particles are intercepted by an electrostatic septum, in which
the field is produced by a very thin wire plane, followed by a Lambertson magnet ap-
proximately 90◦ later in betatron phase. In practice, two types of resonant extraction
have been widely used:

• Half integer resonance, in which the tune is moved near ν = m/2, where m is an
odd integer. The resonance is driven by a set of properly phased quadrupoles.
Octupoles are then excited to produce an amplitude dependent separatrix.

• Third integer resonance, in which the tune is moved near ν = m/3 (ν not
integer). The resonance is driven by properly phased sextupoles. The separatrix
is controlled through tune variation and sextupole strength.

In principle, either (or both) could be used in the Debuncher. Historically, Fer-
milab has chosen half-integer extraction for a variety of reasons; however, we will
choose third integer because the existing working point of the Debuncher is close to
a third integer resonance, and because there is much more experience with third in-
teger resonant extraction worldwide. Also, interesting techniques are currently being
developed to increase the efficiency of third integer extraction, which we might hope
to exploit [?].

5

Bunch Formation

form four bunches; x-fer to Debuncher 
one-at-a-time

30-40 nsec bunch, !p/p ~ 0.5% (rms)

Figure 5: Accumulator + Debuncher bunching and phase-energy rotation. The beam is 
first adiabatically bunched in the Accumulator using an h=1 rf system (0 to 6 kV), then 
transferred into the Debuncher where it is phase-energy rotated (40 kV)and then bunched 
at h=4 (250 kV) . 
 
 

  
A: initial debunched beam.   B: After adiabatic bunching in Accumulator. 
 
 

 
C: After φ-E rotation in Debuncher  D: After h=4 bunching in Debuncher. 

Energy

momentum stack in 
Accumulator -- three 
batches from Booster, 
not four as shown

25
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Bunch Formation Time

RF voltages are 
determined by
- momentum stacking 

manipulations

- bunch formation 
time

Time to stack last 
batch and form 4 
bunches affects 
overall time left for 
slow spill

s

s
s

b

b

f

3s + f = T-2b = 8b

T = 10 b

s = (8b - f )/3

df = 4s/T = (16 - 2f/b )/15

f = b/2    ===>    df = 100%
f = 3b/4  ===>    df =   97%
f = b       ===>    df =   93%

etc.

Stacking and Bunch Formation Time

s s s s

ACC

DEB

Does not include “end 
effects” of slow spill, etc.
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Comparisons

Accumulator requires 53 MHz system for momentum stacking (as 
in Proposal) and a 2.4 MHz (h=4) system for bunch formation  
(625 kHz (h=1) in proposal).
Debuncher requires h=4 system (no h=1).
Bunch formation in Accumulator takes between 20-30 ms*

*See D. Neuffer, Fermilab-CONF-09-513-APC

Expt BOO DEB inst. ave. NOvA off DEB

Cycle BOO pulses intensity intensity <dp/dn> <dp/dt> <dp/dt> sp. Chg.

(BOO) per Cycle (Tp) (Tp) (Mp) (Tp/s) (Tp/s) dnu

BASELINE 10 3 4 12 34 18 18 0.100

Full Rate (g-2) A 1 1 4 1 113 18 60 0.008

Full Rate (g-2) B 1 1 3 0.75 85 18 45 0.006

Hybrid A 10 3 4 3 34 18 18 0.025

Hybrid B 6 2 4 2 38 18 20 0.017

Hybrid C 4 2 3 1.5 47 18 22.5 0.013
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Compare Kicker Requirements

If build to Hybrid B, 
can also work for A

Note:   NOvA inj. kickers:  12/20x15 = 9 Hz (ave)
            Booster ext. kickers:  15 Hz (ave)

Mu2e Scenarios

Expt bunch

Cycle Cycle time form time spill time NOvA Off

(BOO) (ms) Spills/Cycle Cycles/MI (ms) (ms) duty fact duty fact

BASELINE 10 666.7 1 2 133.3 600 90% 90%

Full Rate (g-2) A 1 66.7 4 6 (REC) 15 27% 90%

Full Rate (g-2) B 1 66.7 4 8 (REC) 15 36% 90%

Hybrid A 10 666.7 4 2 33.3 150 90% 90%

Hybrid B 6 400.0 4 3 33.3 90 81% 90%

Hybrid C 4 266.7 4 4 20.0 54 65% 81%

TRANSFER KICKERS

max rate (Hz) ave rate (Hz) ave rate (Hz; NOvA off)

REC ACC ACC DEB REC ACC ACC DEB REC ACC ACC DEB

out in out in out in out in out in out in

BASELINE dipole 15 pulsed pulsed n/a 4.5 1.5 1.5 n/a 4.5 1.5 1.5

Full Rate (g-2) A 15 15 60 60 4.5 4.5 18 18 15 15 60 60

Full Rate (g-2) B 15 15 60 60 6 6 24 24 15 15 60 60

Hybrid A 15 15 6 6 4.5 4.5 6 6 4.5 4.5 6 6

Hybrid B 15 15 10 10 4.5 4.5 9 9 5 5 10 10

Hybrid C 15 15 16 16 6 6 12 12 7.5 7.5 15 15
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Radiation Safety
Effort led by T. Leveling; A. Sondgeroth assisting; help from N. Duff (PPD; 
Health Physicist)
Beam throughput -- proposal:  18 Tp/s
- generating documents with upper limit of ~25 Tp/s; Leveling making first pass at a new 

radiation shielding assessment for ‘pbar’ storage rings 

NEPA -- have had meetings with FESS, ES&H
- does not appear to be a big concern for us, though discussions with ES&H Section 

continue

- beam power much less than today’s site average; just distributed differently for Mu2e

e-Berm -- AD/RSO favors this; still investigating
Tony looking at modular septa designs, for extraction region
will also be checking out “Chipmonk” (rad monitor) design; can work at 
Mu2e rates, or need new electronics for use around Mu2e berm, buildings?

29
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Beam Throughput and Radiation Safety

New particle rates for the “pbar” rings:
- presently, Debuncher/Accumulator receive approximately 25x1010 particles 

per hour; for Mu2e, expecting ~2x1013/sec

‣ Total beam intensity ~4 times pbar record

‣ Peak current ~70 times present record

- 1% loss per cycle (scaling)    ~290 W of beam loss power

‣ BOO:  ~500 W total, ~1 W/m   (300 W, 0.6 W/m  in uncontrolled regions)

‣ extraction region will be higher loss; special mitigation required here

Storage Rings will require new Rad Safety system(s) 
- passive system not enough;  need system similar to Booster system

30
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Extraction

Choices of Resonance
- half vs third integer

Space Charge Simulations
“RF Knock Out”
MI beam tests

31
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Mu2e:  High Bunch Charge

Space Charge will be an issue in this scenario...
- For N particles uniformly distributed about the ring,

- Include “bunching factor”:

- Thus, expect at “design parameters”:

Note:  helped, somewhat, by large momentum 
spread -- spreads out beam horizontally

∆νs.c. =
3r0N

2�γ2(v/c)
=

3 (1.5× 10−18)(1.2× 1013)
2 (20π × 10−6)(9.52)

≈ 0.005

B ≈ 1700 nsec
40 nsec ·

√
2π
≈ 17

∆νs.c. ≈ 0.1
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Extraction w/ space charge
The Space Charge Effect in Slow Extraction by Third Integer 

Resonance 

Yu.Senichev,V.Balandin 

Institute for Nuclear Research of RAS, 

60-th October Anniversary prosp., 7a, Moscow, 117312, Russia 

1 INTRODUCTION 

With the development and construction of high intensive 

beam accelerators and storage rings more and more atten- 

tion is being focussed on the problem of the self-field ef- 

fect of accelerated particles on the stability of their motion. 

This problem endures second birth, which connected with, 

on the one hand, requirement to know more exactly the 

parameters of beam and on other hand, with more power- 

ful computers for an investigation. At first the analytical 

methods were used in mainly, among which the equations 

of Kapchinsky and Sacherer take significant place. They 

gave necessary information about the envelope of high in- 

tensive beam with the elliptical distribution. As far as 

the improvement of computer technology, the new numer- 

ical methods have being developed for the solution of the 

motion and Poisson equations. However, up to right now 

one run of a modern full dimensions code for ring with 

some hundreds of elements takes hundreds hours, what 

makes impossible to optimize the lattice, Many authors 

synthesize the real tracking with fixed elliptical distribu- 

tion, when the second moments of density are changed 

only[l]. Apparently this approach is correcting for the re- 

mote resonance system. III the case of being in resonance 

and even passing through resonance, the elliptical symme- 

try of distribution can be violated. In the paper [2] we 

studied the passing through half-integer resonance under 

different initial distribution with elliptical symmetry, and 

we have find the different behavior of hallo for each case. 

Moreover, the change in time of the second moments de- 

pends on, what kind of distribution is used. 

In this paper we study the excitation of the third integer 

resonance at high space charge for the slow extraction. We 

are interested, how to realize the isolated resonance under 

significant nonlinearity due to space charge. 

2 THE CODE DESCRIPTION 

It is obviously the third integer resonance changes the dis- 

tribution significantly, in which it is difficult to recognize 

the elliptical distribution. We developed and use the four 

dimensional code for the solution of the motion and the 

space charge equation together. The motion equation are 

solved in the Hamilton’s form. The Hamiltonian of sys- 

tem is represented in the common form for the curvilinear 

coordinates: 

e*dx, Y) 
H = (l$ hz)[$ + $I+ (1+ hr) moc2rp2 - 

&A&, y) - &A.&t Y), (1) 

where A,,, 9,, - the vector and the scalar potential of the 

space charge field and A,, -the vector potential of the ex- 

ternal field. It is assumed here, that the transverse cur- 

rents are absent: 

A,, = ;Q,,(l + ha), (4 

where u is the longitudinal velocity equal for all particles. 

The vector potential of the external field has components 

up to the octupole inclusive: 

2.&A”“(x’y) = hx + (K + h$ - K$ + 

:(x3 - 32~7 + ;(z4 - 6x2y2 + y4) (3) 

The Poisson equation is solved on the grid with the metal- 

lic boundary: 

v2*,c(x, Y) = ;P(x, Y) (4) 

For the rectangular boundary we use the FFT method for 

Poisson equation solution. However, there is the option 

for the arbitrary shape of the boundary, which uses the di- 

rect method of the matrix transformation of the equations 

system written in finite elements. The input coefficient for 

the code, which defines the space charge parameters and 

the beam energy, is K: 

7I(A) 
K = 4 * lo- P3r3 

In this representation the Laslet linear shift of frequency 

equals: 

FOR 
AvL = 0.25 + 107K- 

2%lu 
(6) 

The output TWISS file of MAD, which describes the lat- 

tice parameters, is used as input file of the code. The figure 

1 shows the typical screen picture, which gives the visual 

information in interactive regime about distribution in all 

planes, losses and the tunes in the horizontal and vertical 

planes. 

3 THE NUMERICAL RESULTS 

As example we consider Ering lattice of the TRIUMF 

Kaon Factory project, where the sextupoles are used for 

1233 

Figure 1: The third integer resonance picture at the inter- 

active regime 

the third-integer resonance excitation in the horizontal 

plane. The extender ring has a racetrack lattice with two 

straight sections, one of which provides beam the ertrac- 

tion. Both straight sections have zero dispersion function 

due to special supressors on the arcs. The adjustment 

of the quadrupoles gives the tune near the integer+l/J . 

The influence of the metallic walls on the beam is inves- 

tigated by changing of the vacuum chamber size. Figures 

2 a,b show the phase portraits of the beam in resonance 

under different significance of the current: a)Avt=O.Ol, 

b)Avl=0.03, c)Av~=O.06 and d)AvL=O.l. Every time 

the quadrupoles are set for tune near 10+1/3.From these 

figures one can see, how the space charge acts on the ori- 

Figure 2: The phase portraits of the beam at a)AvL=O.Ol, 

b)AvL=0.03, c)A~~=0.06 and d)Ahvl=O.l 

entation and the shape of the triangular separatrix. The 

tails of triangular “star” becomes more wide and with in- 

creasing of current we observe at first s-bending and then 

disappearance of each tail . It is interesting, keeping the 

total tune on fixed value 10.33, the process of triangu- 

lar separatrix arising due to the third integer resonance is 

changed then by the process of the separatrix smearing due 

to space charge. It has periodical character.The periodic- 

ity of the exchanging each by other depends on the current 

intensity. Due to the smearing the momentum spread of 

particle in the region of the preseptum magnet became 

more, than the preseptum magnet make itself, what cases 

the losses on septum magnet. So C.Ohmori observed the 

periodical changing of the extracted beam in paper[J]. 

4 HIGH ORDER NONLINEARITY 
COMPENSATION 

So we should compensate the nonlinearity space charge 

action, in order to increase the beam current threshold of 

the slow extraction. We suppose, the scalar potential is 

described by the function: 

WC, y, a) = ~amn(3)zmy”, 
*In 

(7) 

Since we study the system with one isolated resonance in 

x plane only, we can remain in the potential expression all 

members with n=O only: 

m 

The smooth approximation ( = az gives: 

d2t 
@ + u,“t = -$(i:’ + Fe,), 

2 

(8) 

where we assume the length of sextupoles L, and the oc- 

tupoles L, is much less, than the circumference 27rR of the 

ring: 

S 0 
Fez = $8 (w*t2 + ,f@)@y, 

F,, = ~c~,,,~(6)rn~~+~~-~, 
m 

r,(e)= &[1+2~cosP81 (12) 
P 

LJ(S)=&[1+2~cospe] (13) 
P 

a,0 = a,o+~apcosp9 

P 

(14) 

Let’s represent the solution of this equation in the standard 

form of Bogolubov and Metropolsky: 

(= a,cosJI(15 
1234 

EPAC94

Phase space distortions in the 
presence of space charge, 
near third-integer resonance, 
can be very significant
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Exploration of Tune Space*

Tune space of 
Debuncher, near 
third-integer 
(tune ~ 29/3)

Need to control 
tune to within 
~0.05 of 
resonance

January 9, 2009 Phase space tune scan Leo Michelotti 2

9.60 9.61

9.62 9.63

9.64 9.65

Figure 1: Horizontal phase space during tune scan, for tunes below 29/3.

January 9, 2009 Phase space tune scan Leo Michelotti 3

9.67 9.68

9.69 9.70

9.71 9.72

Figure 2: Horizontal phase space during tune scan, for tunes above 29/3.

*Michelotti
34
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Half-integer Extraction

Work has begun to study 
half-integer extraction
- phase space

- corrector parameters

Much experience at 
Fermilab -- MR, Tev, MI
New technique is evolving 
which might deal with 
large tune distribution

Michelotti
35
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Historical Half-Integer Approach

J. Johnstone
- see Mu2e-doc-576
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JJ’s Previous Study:  Recycler

Large tune spread 
seemed problematic...
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New Idea

Instead, use a zeroth-harmonic quad 
circuit to vary the radius of circles, 
rather than pulling them apart...
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Looks promising; 

attempting to try out in MI...
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Extraction Studies

Several “teams” are looking at extraction
- Johnstone, Michelotti (as noted above)

- Werkema, Nagaslaev -- simple model, but with a 
space charge code (ORBIT, from ORNL)

- Amundson, Spentzouris -- full 3-D space charge 
simulations

Beginning to perform beam studies in the MI
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Recent Beam Studies

So far, checking out instrumentation, 
establishing spills of appropriate duration 
from MI, using standard approach

Will re-configure 
quad circuits for test 
of new phase space 
manipulation
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RF Knock-Out

New proposed technique for alleviating space 
charge (or OTHER tune spread sources) effects 
during extration
Utilizes an AM/FM fast kicker (RF device) to 
kick  the beam transversely, increasing the 
beam emittance toward the unstable regions of 
phase space
Used in small medical synchrotrons to fine-
control spills to patients
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RFKO

See V. Nagaslaev, 
Mu2e-doc-775
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RF Knock Out

VN’s simulation, 
utilizing RFKO in 
feedback mode, 
third-integer 
resonance, with 
space charge 
included
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Space Charge Calculations

3-D space charge 
simulations 
continue
presently debugging 
new re-write of the 
code

Arnold diffusion? Resonance streaming?

At highest intensity: observation of early loss particles “streaming”
along resonance lines in tune-space. (Notice outlier dots lying on
resonance lines near lower center of picture. Expand the figure if
necessary.) Behavior similar to this is sometimes called “Arnold
diffusion” or, less frequently, “resonance streaming.”

(Thanks to Jim Amundson for this figure.)

Fermilab January 6, 2010 Leo Michelotti Page 3
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Mu2e Beam Transport Line

Beam Line Components
Siting
Extinction Insert -- see E. Prebys’ talk
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Mu2e Beam Line

Design work proceeding, utilizing existing 
“stub” in ring tunnel as the final exit point

Work in progress

H

H

V

V

V

V

dump

Plan:

Elevation:

Extinction 
insert here

not to scale!

Debuncher

Debuncher

V
V V

V
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Linux version 8.23/08 19/03/15  05.19.05
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collimators

Beam Line Optics (so far...)*

Here, ends 
before the 

final H bend, 
and still 
need the 

final focus 
onto the 
target;

Also, will 
optimize 

extinction 
insert optics

*C. Johnstone
Work in progress
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Beam Line Issues

The optical design, as is, is longer than 
desired
Working to shorten the initial bend regions
- can interlace the strong horizontal bending with the 

weaker vertical bending at upstream end

- may be space to save along the extinction insert, as 
well as near the end of the beam line

Desire to keep further away from creek...
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Mu2e Extinction

Internal -- 

See E. Prebys’ talk

External -- 

Collaboration Meeting 3 Jun 2010

Mu2e Extinction

Internal -- 

See E. Prebys’ talk

illustration only

momentum scrape:  |dE/E| = xmax/D

External -- 
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~25 kW ave. 
beam power

Downstream View of Muon Beam Line

• Inside pion 
Production 
Solenoid

• Target hangs 
from the heat 
shield

Gold cylinder
Annular water 
channel

• Proton beam 
enters through 
port in the 
shield

Mu2e !

• Target lies in a graded magnetic field

Target and Absorber

Production Target and Beam 
Absorber will be managed in 
the Accelerator L2 WBS

absorber

p beam
entrance

target

heating/cooling, 
replacement 
scenarios, etc.

See R. Coleman’s talk
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A Possible Alternative, for CD-1

Direct Feed from 
Booster
- may be optimal, if no 

g-2 or “other” 8 GeV 
program

- or, may be optimal IF 
there IS g-2, and the 
lab wants to have a 
“program facility”...

- removes dependency 
on MI/Recycler to be 
running

J. Morgan, 

DVM, et al.
Mu2e

X

removes 

aperture 

problems 

here

g-2

51



Collaboration Meeting 3 Jun 2010

Beam Requirements -- Mu2e

Generating list of 
‘requirements’
Receiving further 
input from 
collaboration

Mu2e-doc-585

Mu2e Accelerator and Beams
Identifcation of Requirements

Definitions:

Strawman list of possible parameters:

Parameter Design Limit Unit Notes

Time between microbunches 1685 1685 ns

Design length of slow spill period 150 >20 ms
Duty factor 90 >75 %

Beam Line Transmission Window (centered on microbunch center) 200  ns
Transmission Window jitter (rms) 5  <10 ns

Extinction Level 1.00E-09   Is there
  a "limit"?

     A = no. particles to target outside  transmission window
     B = no. particles to target through transmission window [put into separate
     X =A/B     document?]

( need specification of an "extinction function" (of time)?)

Average integrated intensity per microbunch on target 35 <50 Mp
rms spread of microbunch intensity on target 20 <50 %
rms Cycle-to-Cycle intensity variation 20 <100 %

Time Average dN/dt on target 18 <25 Tp/s
            (averaged over many beam cycles)

Transverse spot size on target, rms 1 <2 mm
>0.5 mm

Transverse beam divergence on target 0.1 <0.3 mr any real req. here?
           (above assumed to be "round")

Vertical beam steering range on target  +/- 100 mm  ---
Horizontal beam steering range on target  +/-   10 mm these are fake
Vernier beam steering adjustment size 0.05 mm numbers;
Vertical beam angle adjustment range on target 10 mr needs real work
Horizontal beam angle adjustment  range on target 1 mr !!!!
Vernier beam angle adjustment size 0.01 mr  ---

Microbunch total length 150 <200 ns
Microbunch rms length 30 <40 ns
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2 M.J. SYPHERS

The high duty factor can be accomplished with a standard slow resonant extraction
technique. With two Mu2e cycles every one MI cycle, the slow spill period would at
most be about 600 ms if the beam were kept as a single bunch. To reduce space charge
effects from the high intensity beam (12 Tp), however, the accumulated particles can be
split into lower-intensity bunches and sent one-by-one into the Debuncher ring for slow
spill. The lowest practical spill time, including end effects for starting/stopping the spill,
is approximately 20 ms. The proposal is to generate four bunches in the Accumulator,
transfer one-at-a-time to the Debuncher from which 150 ms slow spills would occur to the
experiment.

While the standard Mu2e rate would be 18 Tp/s with NOvA running, one can conceive
of NOvA not running and the experiment could, in principle, take all of the Booster
beam, which would be a maximum of about 60 Tp/s. However, this has implications on
radiation safety limits in the Accumulator/Debuncher complex as well as the maximum
instantaneous rate that can be handled by the detector. A reasonable upper limit is given
by supposing that the experiment can handle twice its proposed maximum instantaneous
rate, 68 Mp/pulse, which can be accomplished by delivering 12 Tp every 7 Booster cycles
(using 75 ms spills), for an average proton delivery rate of about 25 Tp/s.

As high spikes in the instantaneous rate can degrade detector performance, the cycle-
to-cycle and pulse-to-pulse variations should be maintained to ∼20% of the time-average
values.

The transverse beam size (assumed round) on target needs to be less than about 2 mm
(rms) in order to hit the 2 mm radius target, but more than 0.5 mm (rms) in order to
spread out the power deposition in the target. The design value chosen is 1 mm (rms). A
beam divergence less than about 10 mr (rms) is also required to be consistent with a target
length of about 20 cm (see [2]). The centers of the beam pulses arriving on the target
should be spaced by the revolution period of the Debuncher ring with a pulse-to-pulse
variation of 5 ns (rms) and no more than 10 ns (rms) to assure proper triggering of the
detector pulse-to-pulse.

Outside of a “transmission window” of ±100 ns centered on the beam pulse, the time
averaged number of particles that arrive at the target should be less than 10−9 times the
time averaged total pulse intensity. (See [1] for details.)

The pulses of beam reaching the target should have a total bunch length less than the
transmission window. The proposed design value is 150 ns total bunch length, with an rms
bunch length of approximately 30 ns.

The beam line design will need to incorporate trajectory compensation to be able to (a)
fine tune the beam position and angle onto the target, and (b) allow for gross tuning of
position and angle in the event that the production solenoid field strength is adjusted for
calibration runs.

Table 1 lists the important parameters for the Mu2e beam, their design values and
limiting values.

Beam Requirements Document

MU2E PROTON BEAM REQUIREMENTS

DRAFT — DRAFT — DRAFT — DRAFT — DRAFT

M.J. SYPHERS

The basic requirements of the Mu2e experiment that need to be met by the accelerator
complex include

• having pulses of protons reach the production target at a repeat period longer than
the lifetime of muons in aluminum, which is approximately 864 ns.

• having the time distribution of particles reaching the target within a window of
length approximately 150 ns, with essentially no particles outside of this window
(for extinction level requirements, see [1]).

• delivering approximately 4 × 1020 protons on target (POT) during approximately
2 years of running.

• optimizing detector performance by having as high a duty factor as possible and
as low an instantaneous rate as practical.

To meet these basic requirements, the Mu2e experiment utilizes the 1685 ns revolution
period of the 8.9 GeV/c Debuncher ring to provide pulses of protons with this time interval
to the production target. The Fermilab Booster synchrotron can readily produce 4× 1012

(4 Tp) protons per cycle, and during the operation of the Main Injector (MI) for the NOvA
experiment, 6 Booster cycles can be made available every MI cycle (1.333 s). To make use
of the extra Booster cycles and provide beam to the experiment, the Booster is required
to operate at its full 15 Hz rate. The proposal is to use three consecutive Booster cycles to
accumulate protons into the Fermilab Accumulator ring for Mu2e, and to repeat the entire
procedure twice per MI cycle. This provides an average rate to the experiment of 18 Tp/s.
With 50% efficiency over a two year period, this generates 5× 1020 POT with comfortable
margin.

To optimize detector performance the experiment desires beam to arrive with relatively
high duty factor (90%+). At the average rate of 18 Tp/s, and pulses arriving every 1685 ns
90% of the time, each pulse will have a total intensity of approximately 34 Mp, consistent
with the anticipated capabilities of the present detector design.

Date: 24 May 2010.

1

MU2E PROTON BEAM REQUIREMENTS DRAFT — DRAFT — DRAFT — DRAFT — DRAFT 3

Table 1. Mu2e Beam Parameters

Parameter Design Limit Unit Notes

Booster synchrotron repetition rate 15 >13.5 Hz

Time between beam pulses 1685 1685 ns Debuncher revolution period

Length of slow spill period 150 >20 ms
Duty factor 90 >75 %

Beam Line Transmission Window 200 200 ns relevant for AC dipole specs
(centered on beam pulse center)
Transmission Window jitter (rms) 5 <10 ns

Extinction Level 10−9 see [1]

Average intensity per pulse on target 34 <50 Mp
rms spread of pulse intensity on target 20 <50 %
rms Cycle-to-Cycle intensity variation 20 <100 %

Time Average dN/dt on target 18 <25 Tp/s relevant for NOvA-off conditions;
(averaged over many beam cycles) also, for rad safety

Target rms transverse spot size 1 <2 mm
(assumed “round”) >0.5 mm
Target rms transverse beam divergence 0.5 <20 mr see [3]
(assumed “round”)

Beam pulse total length 150 <200 ns
Beam pulse rms length 30 <40 ns

References

[1] Extinction Requirements Document, Mu2e-doc-xxx.
[2] Production Target Requirements Document, Mu2e-doc-yyy.
[3] Design value consistent with emittance of 30 π mm-mr; Limit value consistent with target size.
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Mu2e Accelerator Systems -- WBS

Work Breakdown Structure has been drafted

- WBS Dictionary 
being developed 
to define terms

4/19/10 5:18:00 PMMu2eAccelProposal_v6.oo3

2

WBS Item

1 Mu2e Project

1.2 Mu2e Accelerator

1.2.8 Extinction
1.2.8.1 Extinction R&D
1.2.8.2 Internal Extinction System
1.2.8.3 External Extinction System

1.2.9 Target Station
1.2.9.1 Targeting R&D
1.2.9.2 Target
1.2.9.3 Target Handling
1.2.9.4 Absorber
1.2.9.5 Shielding
1.2.9.6 Cooling
1.2.9.7 Instrumentation

1.2.10 Operations Preparation
1.2.10.1 Application Codes
1.2.10.2 Procedures Documentation

4/19/10 5:18:00 PMMu2eAccelProposal_v6.oo3

1

WBS Item
1 Mu2e Project

1.1 Mu2e Management
1.2 Mu2e Accelerator

1.2.1 Project Management
1.2.2 Proton Source

1.2.2.1 Booster upgrades
1.2.3 Recycler

1.2.3.1 Recycler R&D
1.2.3.2 Injection System
1.2.3.3 RF Systems
1.2.3.4 Instrumentation
1.2.3.5 Cooling Removal
1.2.3.6 Extraction System

1.2.4 Storage Rings
1.2.4.1 Storage Rings R&D
1.2.4.2 Beam Lines
1.2.4.3 RF Systems
1.2.4.4 Instrumentation
1.2.4.5 Cooling Removal
1.2.4.6 Beam Damper System
1.2.4.7 Beam Abort System
1.2.4.8 Infrastructure Improvements

1.2.5 Radiation Safety Improvements
1.2.5.1 Rad Safety R&D
1.2.5.2 REC-ACC Beam Line Upgrade
1.2.5.3 ACC/DEB Tunnel/Buildings 

Upgrade
1.2.5.4 External Beam Line

1.2.6 Resonant Extraction System
1.2.6.1 Resonant Extraction R&D
1.2.6.2 Resonant Extraction Hardware

1.2.7 External Beam Line
1.2.7.1 Beam Line R&D
1.2.7.2 Beam Transport
1.2.7.3 Beam Line Dump
1.2.7.4 Safety System

1.2.8 Extinction

4/19/10 5:18:00 PMMu2eAccelProposal_v6.oo3

1

WBS Item
1 Mu2e Project

1.1 Mu2e Management
1.2 Mu2e Accelerator

1.2.1 Project Management
1.2.2 Proton Source

1.2.2.1 Booster upgrades
1.2.3 Recycler

1.2.3.1 Recycler R&D
1.2.3.2 Injection System
1.2.3.3 RF Systems
1.2.3.4 Instrumentation
1.2.3.5 Cooling Removal
1.2.3.6 Extraction System

1.2.4 Storage Rings
1.2.4.1 Storage Rings R&D
1.2.4.2 Beam Lines
1.2.4.3 RF Systems
1.2.4.4 Instrumentation
1.2.4.5 Cooling Removal
1.2.4.6 Beam Damper System
1.2.4.7 Beam Abort System
1.2.4.8 Infrastructure Improvements

1.2.5 Radiation Safety Improvements
1.2.5.1 Rad Safety R&D
1.2.5.2 REC-ACC Beam Line Upgrade
1.2.5.3 ACC/DEB Tunnel/Buildings 

Upgrade
1.2.5.4 External Beam Line

1.2.6 Resonant Extraction System
1.2.6.1 Resonant Extraction R&D
1.2.6.2 Resonant Extraction Hardware

1.2.7 External Beam Line
1.2.7.1 Beam Line R&D
1.2.7.2 Beam Transport
1.2.7.3 Beam Line Dump
1.2.7.4 Safety System

1.2.8 Extinction

Some detail down 
to “Levels 5, 6”
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Mu2e Weekly Accelerator Meetings

Periodic meetings have been held, involving personnel 
from Particle Physics, Accelerator, Technical, Computing 
Divisions and Accelerator Physics Center

MU2E-BEAM membership

amundson@FNAL.GOV         Jim Amundson
ankenbrandt@FNAL.GOV      Chuck Ankenbrandt
rhbob@FNAL.GOV            Robert Bernstein
cbhat@FNAL.GOV            Chandra Bhat
broemmel@FNAL.GOV         Dan Broemmelsiek
coleman@FNAL.GOV          Rick Coleman
macc@FNAL.GOV             Mary Anne Cummings
fritzd@FNAL.GOV           Fritz DeJongh
Drendel@FNAL.GOV          Brian Drendel
drozhdin@FNAL.GOV         Sasha Drozhdin
craigdukes@VIRGINIA.EDU   Craig Dukes
nevans1983@GMAIL.COM      Nick Evans
sgeer@FNAL.GOV            Steve Geer
g-gollin@UIUC.EDU         George Gollin
harding@FNAL.GOV          David Harding
dazhanghuang@GMAIL.COM    Dazhang Huang
dej@FNAL.GOV              David Johnson
cjj@FNAL.GOV              Carol Johnstone
JJohnstone@FNAL.GOV       John Johnstone
kahn@BNL.GOV              Stephen Kahn
kobilarc@FNAL.GOV         Thomas R. Kobilarcik
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AC dipole
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Collaboration Meeting 3 Jun 2010

Participation

Operating Scenario /  Injectors
   new 'hybrid' details - Syphers
   kickers for Recycler - (NOvA)
   tie-in to P1 line - Xiao
  Booster - McAteer

Storage Rings efforts
   rf requirements - Werkema, Peterson
   beam line upgrades - Morgan
   kicker requirements - Vander Meulen
   beam/ring studies - Drendel
   radiation safety - Leveling

Extraction Process
   resonant extraction

- Michelotti, JJohnstone
   rf ko enhancement - Nagaslaev
Extinction
  internal, external - Prebys, TD, ...
  monitoring - Prebys, Warner, Evans, ...

Good participation by Scientific Staff on many fronts:         
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Participation

Continued...

Beam Line
  optics layout - CJohnstone
  extinction insert - CJohnstone, Prebys
  radiation safety - Leveling
Production Target / Absorber
  entrance trajectory - Coleman
  absorber, cooling - Coleman,  Popp
  shielding -- Coleman, Mokhov, Pronskikh
  target, handling - Coleman

Project Management
  meetings, documents - Syphers, Ray
     WBS
     schedule to CD-1
     risk assessment
  manpower estimates -Syphers
     scientific
     engineering

Hopefully haven’t left too many 

out, though I’m sure I have...
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Also Keeping an Eye on...

Booster 15 Hz upgrades
Linac/Booster reliability
New g-2 Experiment
Run II extension / Run III
Efforts on MicroBooNE, ANU, LBNE, NML, 
SRF, etc.
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